The control of surface roughness of polyvinylidene fluoride (PVDF), polyethersulfone (PES), polysulfone (PS) and cellulose (CE) membranes was attempted by changing the rate of nonsolvent influx in the phase inversion process. PVDF and CE were chosen to represent membranes of high hydrophobicity and hydrophilicity, respectively, while PES and PS were chosen to represent membranes of intermediate hydrophobicity/-philicity. The concentration of sodium chloride (NaCl) in the aqueous coagulation medium was increased from 0 to 1.9 mol/L to decrease the rate of nonsolvent (water) influx in the solvent/nonsolvent exchange process. As well, the effect of polymer concentration and solvent on the surface roughness was investigated with respect to PVDF and PES. It was observed that the membrane surface roughness increased and decreased, respectively, for the hydrophobic PVDF and hydrophilic CE membrane as the rate of nonsolvent influx was decreased. For the PES and PS membranes of intermediate hydrophilic/-philicity, no significant roughness change was observed. The surface roughness tended to increase as the solution viscosity decreased. It was also observed that the pattern wave length of the hydrophobic membrane did not change significantly while that of the hydrophilic membrane increased significantly as the solvent influx rate was reduced. This trend is predictable by considering the shrinking or swelling of the cast polymer solution during the solvent/nonsolvent exchange process.
INTRODUCTION
It has been known for a long time that surface properties such as surface roughness, pore size, pore size distribution, etc., play an important role in the membrane performance. Research conducted by Bowen et al. for ultrafiltration (UF) membranes has also shown that the surface roughness may correlate with other material characteristics such as the pore size distribution [1] . After the invention of Atomic Force Microscope (AFM) in 1981, a large amount of work has been reported on the measurement of surface roughness by AFM and attempts have been made to correlate the results with the membrane performance, as summarized in the work of Khulbe et al. [2] and Yao et al. [3] . Some of the examples are; Hirose et al. used Scanning Electron Microscope (SEM) and AFM to investigate the relationship between the surface structure of the skin layers of polyamide thin film composite (TFC) reverse osmosis (RO) membranes and their performances [4] . It was found that the RO membrane with the rougher skin layer produces the higher flux, and there exists an approximately linear *Address correspondence to these authors at the Department of Chemical and Biological Engineering, University of Ottawa, Canada; Tel: +1 613 562 5800x6114; E-mail: matsuura@uottawa.ca Advanced Membrane Technology Research Centre (AMTEC), Universiti Teknologi Malaysia, 81310 UTM, Skudai, Johor, Malaysia; Tel: +6 07 5535926; E-mail: lwoeijye@utm.my, lau_woeijye@yahoo.com relationship between the surface roughness and the membrane flux. Stamatialis et al. investigated the surface structure of dense and integrally skinned cellulose acetate and cellulose acetate butyrate membranes by using AFM [5] . It was observed that the surface morphology was associated with permeation properties, i.e. the lower the surface roughness the lower the flux and the higher the rejection. Kwak and Ihm used AFM to study the performances of four commercially available aromatic polyamide TFC RO membranes [6] . The results showed that the membrane performance depends primarily on the nature of the thin skin layer in which the roughest membrane has the highest water flux. Madaeni however reported that the rougher the membrane the lower the permeation rate [7] . Despite all the above reports which concluded that the rough surface is a desirable property of the separation membrane, there are several conflicting reports. For example, Vrijenhoek et al. showed a strong correlation between fouling and surface roughness for some RO and nanofiltration (NF) membranes [8] . This was attributed to the enhancement of interactions between colloidal particles with an increase in surface roughness, i.e. colloidal particles preferentially accumulate at the valleys of the rough membrane surface [8, 9] . As a result, valleys become blocked and fouling becomes more severe for the rough membrane surface [8] . On the other hand, Riedl et al. [10] , Yan et al. [11] and Li et al. [12] reported that the trend is reversed for organic particles, i.e. the smoother surface enhances the membrane fouling. Thus, the effect of the nano-scale surface roughness on the overall membrane performance is, at best, controversial at present. Moreover, little is known about the effect of surface roughness on the deposition of smaller organic molecules and salt precipitation.
Although a number of reports are found in the literature on the effect of the surface roughness, either desirable or undesirable, on the membrane performance, the reports on the control of the nanoscale roughness by the choice of membrane material and membrane preparation conditions are scarcely found. As early as 1988, Okada et al. studied the pattern formation on the cellulose membrane surface [13] . The patterns were formed in macroscopic micrometer ( m) range and were characterized by the amplitude and wavelength. They found that the pattern could be controlled by changing the rate of nonsolvent influx into the cast polymer solution film in the solventnonsolvent exchange that occurred during the coagulation step. The pattern formation was also affected by the cast film thickness. The roughness parameters obtainable in the AFM analysis, on the other hand, are in nanometer (nm) range and may be considered as the microscopic amplitude and wavelength. The question will then arise if the nanoscale roughness is also controllable by applying the same principle, i.e. by changing the rate of nonsolvent influx.
The objective of this work is to examine the effect of the rate of nonsolvent (water) influx into the cast film on the nano-pattern of the membranes made of different polymeric materials. The rate of nonsolvent influx is controlled by changing the sodium chloride (NaCl) concentration in the aqueous solution that is used for the coagulation medium. As well, the effects of the hydrophobicity/-philicity of the membrane polymer, the concentration of polymer and the solvent used to prepare the casting dope are examined.
THEORY
In this work, integrally skinned asymmetric membranes were fabricated by the wet phase inversion process (WPIP). In WPIP, upon immersing a cast polymer solution film in a nonsolvent coagulation medium (water), solvent (S)/nonsolvent (N) exchange begins to take place. The N influx depends largely on the properties of the polymeric material of which membrane is prepared, particularly on the hydrophobic/-philic property of the polymer (P). When P is hydrophobic, S outflux surpasses N influx and the membrane tends to shrink. Conversely, when P is hydrophilic, the membrane tends to swell. When P is neither very hydrophilic nor hydrophobic, the membrane tends to neither shrink nor swell. The property of the top skin layer of the integrally skinned asymmetric membrane also depends on the hydrophobicity/-philicity of P. For hydrophobic P, the skin layer is formed fast due to the poor affinity between P and N (water) and the narrow miscibility gap on the P/S/N triangular diagram. For hydrophilic P, on the other hand, solidification is delayed due to the wide miscibility gap, and the front of the highly swollen gel layer gradually advances deep into the cast P solution film during the S/N exchange.
While the shrinkage/swelling trends are controlled primarily by the hydrophobicity/-philicity of P, the degree of shrinkage/swelling can be fine-tuned by controlling N influx. It is known that N (water) influx can be reduced by reducing the activity of water, which can be achieved by dissolving electrolyte solutes into water. The higher the electrolyte concentration, the lower the activity of water and the slower the influx of N (water) into the cast polymer solution film.
Figure 1a
illustrates schematically the change of polymer volume, v p , solvent volume, v s , nonsolvent volume, v n , and the total volume, v tot , of the cast polymer solution film as a function of time, with respect to the hydrophobic P. The figure also indicates the time when the solidification of the top skin layer is completed. It should be noted that v tot decreases with time (shrinkage) since the rate of N influx is less than the rate of S outflux. Furthermore, shrinkage is enhanced by supressing the N influx. It should be noted that v tot may have a minimum depending on the relative magnitude of v n and v s , but it is not shown in Figure 1a . It should be noted that, contrary to hydrophobic polymer, v tot increases with time (swelling) and the completing of gel layer formation requires far more time than the solidification of the skin layer for the hydrophobic polymer. Furthermore, swelling is reduced by suppressing the N influx. It is possible that v tot has a maximum, but it is not shown in Figure 1b .
The differences in the S/N exchange kinetics are expected to have the following effects on the nanopattern of the membrane surface. In the earlier paper it was argued that, during the S/N exchange in WPIP, the volume expansion of the upper layer of the cast polymer solution results in pattern formation when the expansion of the swollen layer works as compressive force and the latter force is stronger than a critical value [13] . The phenomenon is shown in Figure 2 schematically as the upper surface that is forced to be bent upward. Following the similar argument, the volume contraction will result in pattern formation when the contraction of the shrunk layer works as a decompression force. The phenomenon is shown in Figure 3a schematically as the upper surface that is forced to bend downward. It is also expected that the bending of upper surface, either upward or downward, will be intensified with the decrease in the solution viscosity.
Regarding the effect of the electrolyte concentration in N (water), it depends on hydrophobicity/-philicity of P. In the case of hydrophobic P, shrinkage is enhanced by increasing the electrolyte concentration and the deeper downward bending will take place (see Figure  3a) , which will increase the amplitude of the membrane surface. On the other hand, in the case of hydrophilic P, swelling is suppressed (Figure 3b ) and the upward bending becomes less pronounced, which decreases the amplitude of the membrane surface. In the case of P with intermediate hydrophobicity/-philicity, neither shrinkage nor swelling occurs, resulting in a small amplitude. Regarding the wavelength, it depends on the characteristic length, which in this case is considered to be either the thickness of the skin layer for the hydrophobic membrane or the thickness of the swollen gel layer for the hydrophilic membrane [13] . The skin layer of the hydrophobic membrane is formed fast upon contact of the cast film surface with N and its thickness does not depend very much on N influx rate. On the other hand, the swollen gel of the hydrophilic membrane is formed more slowly and the thickness of the gel layer increases when the rate of N influx is suppressed due to an increase in delay time. Thus, for the hydrophobic membrane, the wave length changes only little, due to the insignificant change in the characteristic length. On the other hand, the wave length of the hydrophilic membrane will increase significantly, when N influx is suppressed. Figure 4 illustrates schematically the changes in amplitude and wavelength of the pattern with the change in NaCl concentration in the coagulation medium.
EXPERIMENTAL

Materials
Polyvinylidene fluoride (PVDF, Kynar ® 761), polyethersulfone (PES, Ultrasan E6020), polysulfone (PS, Udel 3500) and polyvinylpyrrolidone (PVP, M w =10,000 g/mol) were supplied by Arkema, BASF, Solvay and Sigma-Aldrich, respectively. Cellulose (CE) was supplied from Baker Chemicals in powder form and of chromatography grade. N-methyl-2-pyrrolidone, (NMP) N,N-dimethylacetamide (DMAc) and sodium chloride (NaCl) were purchased from Sigma-Aldrich. 
Membrane Preparation
PVDF Membrane Preparation
A required amount of PVDF was added to either NMP or DMAc to prepare the casting dope of polymer concentration, either 14 or 16 wt%. The compositions of the prepared PVDF casting dopes are summarized in Table 1 together with dope viscosity which was measured using a basic viscometer (Cole-Parmer). The mixture was kept stirred at 40 o C until a uniform solution was obtained. The solution was then cast on a glass plate using a casting blade to a thickness of 30 m, before being immersed into coagulation medium immediately at room temperature. Aqueous NaCl solutions of different concentrations were used for the coagulation medium. After being kept in the coagulation bath for over 12 h, the membrane was separated from the glass plate, washed by distilled water and kept in distilled water. The membrane was dried at room temperature by keeping it on a filter paper before being subjected to AFM observation. Depending on the casting dope composition, these membranes were coded as PVDF-A(B)-dry where A indicates the solvent and B the PVDF concentration, as shown in Table 1 .
PS Membrane Preparation
PS and PVP were added to NMP to prepare the solution of 15 wt% PS and 7 wt% PVP. (PVP was added to make the solution casting procedure similar to the conventional UF membrane made of PS). The mixture was kept stirred at 40 o C until a uniform solution was obtained. The rest of the procedure is the same as for the preparation of PVDF membranes. This sample is called PS-NMP(15)-dry.
PES Membrane Preparation
Predetermined amounts of PES and PVP were added to either NMP or DMAc to prepare the casting dopes of (18 wt% PES/9 wt% PVP) or (16 wt% PES/8 wt% PVP). The compositions of the prepared PES dopes are summarized in Table 1 . PVP was added to make the solution casting procedure similar to the conventional UF membrane made of PES. The mixture was kept stirred at 40 o C until a uniform solution was obtained. The rest of the procedure is the same as for the preparation of PVDF membranes. Depending on the dope composition, the membranes were coded as PES-A(B)-dry where A indicates the solvent and B indicates the PES concentration.
CE Membrane Preparation
(a)
CE powder (26.3 g), paraformaldehyde (25.9 g) potassium hydroxide (0.14 g) and dimethyl sulfoxide (243 g) were slurried at room temperature for 30 min in a flask with a stirring device, a thermometer, and a reflux condenser. Then, the flask was placed in a paraffin oil bath. The bath temperature was raised to 125 o C while the mixture was vigorously stirred and held at 125 o C for 1 h. Then the mixture was cooled down to 60 o C, and 12.9 g of paraformaldehyde was added. The temperature was raised again and held at 125 o C for another hour. The solution was pressure filtered to remove a residual quantity of paraformaldehyde solid and then cooled to room temperature [14] . The membrane preparation was based on the work of Farnand [15] and Uragami et al. [16] . The polymer solution was cast onto a microscope slide made of glass to a thickness of 30 μm. The cast polymer film together with the glass slide was kept at room temperature for 1 min before being placed in a coagulation medium which was either pure water or aqueous NaCl solution. The temperature of the coagulation bath was controlled at 20 o C. The glass slide was kept in the coagulation bath for more than 1 h. The membrane was separated from the glass slide and dried at room temperature by keeping the membrane on a filter paper before being subjected to AFM observation. This sample is called CE-dry.
(b) In another experiment, wet CE membrane was prepared by keeping the membrane intact on the glass slide without undergoing drying process. Prior to AFM observation, the excess water on the wet membrane surface was blotted by a tissue paper. A small piece of CE membrane together with the glass slide was placed on the magnetic disk and the surface of the membrane was subjected to AFM observation. The observation was done within 30 min from the moment when the membrane (together with the glass plate) was taken from the coagulation bath. This sample is called CE-wet.
(c) After AFM analysis, the CE-wet membrane from (b) was dried naturally on the glass plate for 24 h before being subjected to AFM observation again. This membrane sample is called CE-wetdry.
AFM Characterization
The 2D and 3D images of the top surface were obtained using tapping mode atomic microscopy (TM AFM) on a Nanoscope III equipped with 1553D scanner, Digital Instruments, Santa Barbara, CA, USA. Several important membrane surface properties were measured such as the roughness parameter, Ra, the nodule size and the pore size. The roughness parameter was used as the amplitude of the pattern. The nodule size and the pore size were considered as the size of the mountain and that of the valley, respectively, as described later, and their sum was used as the wave length of the pattern.
On the other hand, the mountain width (W m ) and the valley width (W v ) obtained from the AFM line profile (see Figure 5 ) could be used to calculate two important parameters as follows.
where W wl corresponds to the wave length of the pattern and W represents the position of the horizontal line shown schematically in Table 2 summarizes all the experimental roughness data obtained from the above experiments. It should be noted that the roughness parameter is considered as representing the amplitude of the pattern.
RESULTS AND DISCUSSION
Comparing the roughness parameters of PVDF-NMP(16) obtained at two different laboratories independently, the trend (increase in roughness parameter with an increase in the NaCl concentration in the coagulation bath) was reproduced even though some differences in the magnitude of the roughness parameters were observed. The above trend is expected for the membrane made of hydrophobic P (see Figure 3a) . The results are in consistent with the high contact angle value (89 o ) of PVDF membrane which is the highest among the polymers tested in this work. The roughness parameter increases from PVDF-NMP(16) to PVDF-NMP (14) and further to PVDF-DMAc (16) . Referring to Table 1 , it is also found that the increase in roughness parameter parallels to the decrease in viscosity, as expected. Interestingly, the trend (increase in roughness parameter with an increase in the NaCl concentration in the coagulation bath) was maintained regardless of the dope viscosity. Figure 6 presents the 3D AFM images of the PVDF-NMP(16) and PVDF-DMAc(16) membranes made of different NaCl concentration in the coagulation bath.
As for the most hydrophilic CE membrane, with a contact angle of 30 o , the roughness parameter decreases with increasing NaCl concentration from 0 to 0.9 mol/L, as expected by the theory (see Figure 3b ). However, with further increase in the NaCl concentration to 1.9 mol/L, the roughness of CE membrane tends to increase, which is contrary to the expectation.
One of the possible reasons for this unexpected result may be due to the membrane post treatment process, i.e. all membranes were replaced from the glass plate onto a filter paper and air dried at the ambient temperature before the AFM observation. In this process, the highly swollen CE membrane shrank considerably, while the size of the little swollen PVDF, PES and PS membranes remained practically unchanged. The shrinkage of the CE membrane should have significant effect on the measured surface roughness. Therefore, in the next experiment the CE membrane was kept wet on the glass plate without drying, to prevent the shrinkage (CE-wet). As can be seen from Table 2 for CE-wet membrane, the membrane roughness continues to decrease with an increase in NaCl concentration from 0 to 1.9 mol/L, as expected for the hydrophilic membrane. Interestingly, the roughness of CE-wet-dry membrane remained almost the same even after the membrane was kept on the glass surface for 24 h.
In comparison to PVDF and CE membranes, the roughness parameters of PES-NMP(18)-dry and PS-NMP(15)-dry membranes were much lower and decreased slightly as the NaCl concentration in the coagulation bath increased, which was expected theoretically for the membranes made of P of Table 3 and the results of W wl and W are calculated and tabulated in Table 4 . As can be seen, only the data for 0 and 1.9 mol/L (the highest NaCl concentration) are shown to demonstrate the largest changes that occurred with the change of the NaCl concentration.
Comparing the data of the most hydrophobic (PVDF) and the most hydrophilic (CE) membrane, the following two distinct features could be found on these two membranes.
1)
With an increase in NaCl concentration in the coagulation bath, wave length changes only little for the hydrophobic membrane (7.9%) while the change is very significant for the hydrophilic membrane (137%).
2)
W is positive for the hydrophobic membrane while it is negative for the hydrophilic membrane for both 0 and 1.9 mol/L NaCl concentrations without exception. The PES and PS membranes lie in between without showing any features as distinct as the PVDF and CE membranes (A high W value of PS-dry at 1.9 mol/L is a notable exception). The first feature about the wavelength is exactly what we have expected from the theoretical consideration (see Figure 4) . The large wavelength values of the PVDF membrane are probably due to the spinodal decomposition that occurred at the top skin layer of the PVDF membrane. The second feature demonstrates that the valley becomes dominant by bringing the horizontal line closer to the bottom of the valley for the hydrophobic membrane where shrinkage occurs and the mountain becomes dominant by bringing the horizontal line closer to the top of the mountain for the hydrophilic membrane when swelling occurs.
CONCLUSION
From the above experimental results the following conclusions can be drawn:
1)
The fundamental principles involved in the macroscopic pattern formation seem applicable to the formation of nanoscale roughness on the polymeric membrane surface.
2)
The membrane surface roughness can be practically controlled by changing the nonsolvent influx during phase inversion process.
3)
For hydrophobic PVDF membrane, the roughness increases as the rate of nonsolvent influx decreases. Hydrophilic CE membrane, however, shows the opposite trend.
4)
For PES and PS membranes of intermediate hydrophobicity/-philicity, the roughness does not change very much by varying the rate of nonsolvent influx.
5)
For hydrophobic membrane, the wave length of the pattern does not change significantly as the rate of nonsolvent influx decreases.
6)
For hydrophilic membrane, the wave length of the pattern increases significantly as the rate of nonsolvent influx decreases. 
